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Available online 27 May 2016The advancement of neuroscience depends on continued improvement inmethods andmodels. Here,wepresent
novel techniques for the use of awake functionalmagnetic resonance imaging (fMRI) in the prairie vole (Microtus
ochrogaster) — an important step forward in minimally-invasive measurement of neural activity in a non-
traditional animal model. Imaging neural responses in prairie voles, a species studied for its propensity to form
strong and selective social bonds, is expected to greatly advance ourmechanistic understanding of complex social
and affective processes. The use of ultra-high-ﬁeld fMRI allows for recording changes in region-speciﬁc activity
throughout the entire brain simultaneously and with high temporal and spatial resolutions. By imaging neural
responses in awake animals, withminimal invasiveness,we are able to avoid the confoundof anesthesia, broaden
the scope of possible stimuli, and potentially make use of repeated scans from the same animals. These methods
aremade possible by the development of an annotated and segmented 3Dvole brain atlas and software for image
analysis. The use of these methods in the prairie vole provides an opportunity to broaden neuroscientiﬁc inves-
tigation of behavior via a comparative approach, which highlights the ethological relevance of pro-social behav-
iors shared between voles and humans, such as communal breeding, selective social bonds, social buffering of
stress, and caregiving behaviors. Results using these methods show that fMRI in the prairie vole is capable of
yielding robust blood oxygen level dependent (BOLD) signal changes in response to hypercapnic challenge (in-
haled 5% CO2), region-speciﬁc physical challenge (unilateral whisker stimulation), and presentation of a set of
novel odors. Complementary analyses of repeated restraint sessions in the imaging hardware suggest that
voles do not require acclimation to this procedure. Taken together, awake vole fMRI represents a new arena of
neurobiological study outside the realm of traditional rodent models.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Rationale
Functional imaging of the brain in awake rodents has proven its util-
ity since its inception nearly two decades ago (Lahti et al., 1998), and
has elevated our understanding in a variety of scientiﬁc disciplines, in-
cluding absence seizures (Tenney et al., 2004), maternal care (Febo
and Ferris, 2007; Ferris et al., 2005), pain (Yee et al., 2015), reward
(Kulkarni et al., 2012), neurodegenerative diseases (Ferris et al., 2014),
developmental disorders (Kenkel et al., 2016), and drugs of abuseogy, Center for Translational
Massachusetts 02115-5000.
y, Bloomington, Indiana 47405,
. This is an open access article under(Febo et al., 2005, 2004; Febo and Ferris, 2007; Madularu et al., 2015).
The utility of functional imaging in rodents is largely translational.
High-ﬁeld functional magnetic resonance imaging (fMRI) has been the
primary modality for probing the human brain to identify brain regions
and networks whose activity is associated with mental processes.
Meanwhile, the ability, historically, to probe the brains of non-human
animals with more invasive methods has resulted in a wide gap be-
tween human and non-human animal neuroscience literatures. Func-
tional imaging of the brain in awake rodents therefore offers the
potential to connect these disparate literatures for the purpose of an-
swering some of psychology's most intractable questions surrounding
affect regulation and social behavior.
Neuroimaging in awake rodents can identify brain regions, and net-
works of associated brain regions, involved in the regulation of affect
and behavior (Ferris et al., 2011). Decades of neuroscience research
have resulted in short lists of brain regions that regulate basic affective
and behavioral functions. For example, the medial preoptic area
(MPOA) and amygdala are well-known for their roles in sex behaviorthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Phillips and Ledoux, 1992), respectively. However, activation in these
areas is not exclusively stimulated by sex and conditioned avoidance.
Ultra-high-ﬁeld fMRI offers the potential to track activation across the
entire brain every few seconds. In so doing, awake neuroimaging ﬁlls
two important functions for the integrative study of animal behavior
(Rubenstein et al., 2014): 1) to provide a degree of built-in positive con-
trol since the probing of speciﬁc constructs should yield differences in
regions hypothesized a priori from a history of previous experiments,
and 2) providing a novel list of activated regions across the entire
brain. By simultaneously testing existing paradigms while implicating
new brain regions that function together in a coordinated neural circuit,
fMRI in awake rodents offers the potential to “achieve an optimal bal-
ance between explicit hypothesis-testing, and the use of new technolo-
gies for exploratory work to promote hypothesis generation”
(Rubenstein et al., 2014).
Expanding animal models of social and affective functions: the prairie vole
model
There is a long, rich history of advancing our understanding of
human nature through comparison with other species (Lorenz, 1950;
Schmalhausen, 1949; Schneirla, 1949; Tinbergen, 1963). The depth of
our new understanding is typically proportional to the extent to
which the study species shares the fundamental attributes in question.
Studies concerning neuropsychiatric disorders, in particular, or mental
function, more broadly, have not adequately considered the value of
non-traditional rodent models as compared to commercially bred ro-
dents (“Sixth report on the statistics on the number of animals used
for experimental and other scientiﬁc purposes in the Member States
of the European Union”, 2010). This may be reﬂected in the relative dif-
ﬁculty with which we have come to understand the biological sub-
strates, and thus the proximate causes, of socioaffective disorders such
as anxiety and depression. To further our understanding of disordered
affect regulation and the way it unfolds within its proximate environ-
ment, as well as its wider ecological context, research on affective pro-
cesses should include animal models whose behavioral reaction
norms (Dingemanse et al., 2010; Fuller et al., 2005; Smiseth et al.,
2008) more closely resemble those of humans.
Growing research interest in prairie voles represents an attempt to
increase the precision of our understanding of human affect and social
cognition by selecting a study species that shares the fundamental social
attributes of social monogamy and biparental care of offspring (Stoesz
et al., 2013; Strickland and Smith, 2015). Prairie voles share with
humans the capacity and propensity to form selective social bonds,
both withmates (in the context of socially monogamous adult relation-
ships) andwith kin (in the context of both alloparenting and biparental
care of offspring). Thus, to the extent that affect regulation occurswithin
a social context in humans, researchwith prairie voles represents an op-
portunity to better model the biological substrates of affect regulation.
Furthermore, prairie voles exhibit several physiological commonalities
with humans that are particularly relevant to affect. Regulation of auto-
nomic nervous function, a critical determinant of affect, displays a
human-like bias towards high parasympathetic tone in prairie voles
(Grippo et al., 2007). And in prairie voles, circulating plasma concentra-
tions of oxytocin, a peptide hormone critical to the formation andmain-
tenance of selective social preferences, are within the same range as
humans, and are 2–4 times higher than in rats (Kramer et al., 2004).
The purpose of this report is to present a series of experiments that
demonstrate the current state of the art with regard to imaging neural
activation in prairie voles, an animal model that offers the potential to
better understand selective sociality and the ways selectivity organizes
physiology, affect, and behavior. We ﬁrst demonstrate, using methods
adopted from mouse imaging (Ferris et al., 2014), that acute hypercap-
nia elicits the expected broadpattern of activation throughout the brain.
We next demonstrate the speciﬁcity of our imaging methods bysuccessfully eliciting activation in the contralateral primary somatosen-
sory cortex of anesthetized voles undergoing unilateral whisker stimu-
lation. While we were unable to acclimate voles to the stress of the
imaging experience, we observed neural activation in response to a
set of novel odors in awake voles undergoing their ﬁrst imaging experi-
ence, demonstrating that the stress of the imaging experience is not se-
vere enough to overwhelm the capacity to respond to novel odors.
Methods
Animals
All subject voles were male descendants of wild prairie voles (F4
generation) captured near Champaign, Illinois. Subjects of 60–90 days
of age were maintained on a 14/10 h light/dark cycle on at 06:30 AM
in a temperature- and humidity-controlled vivarium. Food (Purina rab-
bit chow) and water were available ad libitum. Prairie vole offspring
remained in their natal group with their parents in large polycarbonate
cages (24 × 46 × 15 cm) containing cotton nesting material. Offspring
were weaned at 20 days of age, prior to the arrival of the next litter to
prevent premature exposure to pups, and then were pair-housed with
a same-sex sibling in smaller cages (17.5 × 28 × 12 cm) in a single-
sex colony room until testing. All procedures were conducted in accor-
dance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Northeastern Univer-
sity Institutional Animal Care and Use Committee.
Awake imaging technology
Image acquisition
Experiments were conducted in a Bruker Biospec 7.0 T/20-cm USR
horizontalmagnet (Bruker, Billerica,MAU.S.A) and a 20-G/cmmagnetic
ﬁeld gradient insert (ID = 12 cm). Selection of pulse sequences and as-
sociated parameters was done with Paravision v.5.1 software (Bruker,
Billerica, MAU.S.A). Voles were scanned at 300MHz using a quadrature
transmit/receive volume coil (ID 38 mm) that provides excellent ana-
tomical resolution and signal-noise-ratio for voxel-based fMRI in ro-
dents 10–50 g in size (Ferris et al., 2014, 2011). At the beginning of
each imaging session a high-resolution anatomical set of images cover-
ing the entire brain (posterior to anterior) was collected using a rapid
acquisition with relaxation enhancement (RARE) pulse sequence (20
slices; slice thickness, 0.70mm; ﬁeld of view (FOV) 2.5 cm; data matrix
256 × 256; repetition time (TR) 2.5 s; echo time (TE) 12.0 ms; effective
TE 48 ms; number of averages (NEX), 2; total acquisition time, 80 s).
Maintaining neuroanatomical ﬁdelity in the functional scans is im-
portant in any imaging study, and is particularly critical here since:
1) we are imaging activity in brains very small in size, and 2) awake
voles exhibit a high degree of motion. The neuroanatomical ﬁdelity of
our functional scans can be seen when presented alongside the same
animal's anatomical scan (see example, Fig. 1). To achieve anatomical ﬁ-
delity across scans that encompass the whole brain, we chose to use
spin echo pulse sequences that were developed for awake imaging in
rats and mice (Ferris et al., 2011). In relation to the more common gra-
dient echo BOLD, spin echo BOLD offers severalmajor advantages: i) the
potential of improved functional spatial resolution since functional sig-
nal changes are localized to the capillary bed, and ii) elimination ofmag-
netic susceptibility artifacts, particularly signal dropout at the interface
of air-ﬁlled sinus and gray matter (Norris, 2012). Speciﬁcally, we used
a single-shot fast spin echo/rapid acquisition with relaxation enhance-
ment (FSE/RAREst) pulse sequence with half-Fourier transform that
provided reasonable in-plane spatial resolution (260 μm2), sufﬁciently
thin slices (700 μm/slice), and scans of the entire brain (20 slices) in
b6 s. The major disadvantage to spin echo BOLD is low sensitivity, but
this is addressed by using a high magnetic ﬁeld strength (7 T). In addi-
tion, and importantly, FSE/RAREst scans run at high magnetic ﬁeld
strengths (7 T and above) result in BOLD signal dominated by the
Fig. 1. Anatomical ﬁdelity in functional images. Shown are representative examples of
brain images collected during a single imaging session using a multi-slice spin echo,
RARE (rapid acquisition with relaxation enhancement) pulse sequence. The column on
the left shows axial sections collected during the anatomical scan taken at the beginning
of each imaging session using a data matrix of 256 × 256, 20 slices in a ﬁeld of view of
2.5 cm. The column on the right shows the same images but collected for functional
analysis using HASTE, a RARE pulse sequence modiﬁed for faster acquisition time. These
images were acquired using the same ﬁeld of view and slice anatomy but a larger data
matrix of 96 × 96. Note the anatomical ﬁdelity between the functional images and their
original anatomical image. The absence of any distortion is necessary when registering
the data to atlas to resolve 115 segmented brain areas.
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(Duong et al., 2003; Ugurbil et al., 2000; Yacoub et al., 2003). The extra-
vascular signal surrounding capillary beds and small vessels is more re-
ﬂective of the metabolic changes in brain parenchyma than signal from
large draining veins and thus provides amore accuratemeasure of neu-
ronal activity (Yacoub et al., 2007). A second disadvantage of spin echo
BOLD is that, evenwith the advancement of parallel imaging techniques
combinedwith partial Fourier acquisition and the associated shortening
of scan times, complete coverage of a large brain, like the human is not
possible at sufﬁciently short repetition times (TR) for event-related
fMRI. However, we are able to circumvent this disadvantage given the
substantially smaller brain size of rodents and the use of a single
epoch stimulus-presentation period.
Multi-slice FSE/RAREst using a partial Fourier acquisition with 9/16
ratio pulse sequences were run with Bruker Paravision v.5.1. With this
pulse sequence we imaged the entire brain, collecting 20 axial slices
per repetition, at 0.70 mm thick, in 6 s repetition intervals (20 slices;
slice thickness, 0.70 mm; FOV 2.5 cm; data matrix 96 × 96; repetition
time (TR) 6 s; echo time (TE) 2.67 ms; effective TE 40 ms; RARE factor,
62; NEX, 1). With a FOV of 2.5 cm and a data matrix of 96 × 96, the in-
plane pixel functional resolution for these studieswas 260 μm2. In auto-
mated fashion, Paravision v.5.1 ﬁnds the basic frequency, shims, deter-
mines power requirements for 90° and 180° pulses, and sets the
receiver gain proportionally. Each single-epoch, event-related scanning
session was run in continuous fashion.
Awake imaging hardware
Subjects are restrained for imaging using custom-designed, non-
magnetic, non-RF reactive plastic restraint tubes (Animal Imaging Re-
search, Holden, MA, USA), pictured in Fig. 2. The quadrature transmit/
receive volume coil (ID 38 mm) provides an excellent anatomical reso-
lution with complete coverage of the brain and olfactory bulbs (Fig. 3).
In this arrangement, subjects' heads are immobilized via three ele-
ments: an incisor bite bar, which prevents the subject from retreating
backwards; a beveled nose cone, which anchors the anterior portion
of the head; and a foam helmet, which is squeezed in place upon inser-
tion of the restraint tube into the coil chassis, and thereby anchors the
posterior portion of the head. This arrangement minimizes movements
of the head and eliminates the ear-bars and pressure points that have
been traditionally associated with awake animal imaging. The use of
foamhelmetswith varying shapes/thicknesses allows the experimenter
to individually tailor the restraints for each subject, dependent on their
size. The nose cone is perforated so as not to restrict the ﬂow of air from
the nostrils or mouth. Furthermore, the incisor bite bar also serves as a
route of administration for olfactory stimuli or gases as detailedFig. 2. Vole imaging system. Shown are the different components of the vole imaging
system. Note the nose support which includes a hollow tube to secure the front incisors.
It is through this tube that odors or volatile anesthetics can be delivered.
Fig. 3. Field of view and homogeneity. Shown are sagittal and axial views of an awake vole brain. Note the linearity along the Z-axis. The axial images taken from a 20-slice RARE sequence
(.75 mm thickness) demonstrate complete brain coverage from the olfactory bulbs to the brainstem. The vole system was provided by Animal Imaging Research, Holden, MA, USA.
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route for administering volatile anesthetics (e.g., isoﬂurane, carbon di-
oxide gas) or odors. The entire process of removing a subject from its
home cage and preparing it for scanning takes less than a minute.
After each imaging session, the equipment is washed and cleaned for
the next subject.
Vole brain atlas
A completely new, high-resolution T2-weighted MRI-based brain
atlas was developed speciﬁcally for the prairie vole, following Paxinos
mouse atlas nomenclature (Paxinos and Franklin, 2004). This anno-
tated, 3D segmented atlas consists of 115 brain regions andwas created
based on the composite of scans from 6 adult voles that underwent
high-resolution anatomical scans. Each high-resolution anatomical
data set for the atlas was collected using the RARE pulse sequence (57
slices; 0.25 mm; FOV 1.5 cm; data matrix 128 × 128; TR 5.3 s; effective
TE, 48 ms; NEX, 15; acquisition time, 140 min).
MRI scans from all subjects were registered to a standard MRI scan
with afﬁne transform, includingﬁnal inspection once allwere registered
to ensure that boundary surfaces of all the scansmatched as perfectly as
possible. An average scan from all the subjects was created which was
used to create a primary template for each slice. MR scans from each
subject were embedded as a background image, and major and minor
regions were drawn on individual slices of each subject independently
consulting the background MR image, its histology, and two-
dimensional atlas textbooks (Paxinos and Franklin, 2004; Swanson,
2004). Further drawings from all the subjects were merged together
to create an average representative atlas.
Due to inherent characteristics of their creation by freehand draw-
ing, the averaged atlas now in graphic illustrator format does not com-
ply with strict geometric rules which deﬁne the entities represented in
the atlases or computer drawings. These drawings were converted to a
mathematically robust image format and 3D surfacemodels via an auto-
mated 3D segmentation algorithm (Kulkarni et al., 2003). This atlas
model now can be rotated and deformed to register any MRI image
dataset, at which point every pixel in the set of MRI slices is tagged
with the fully segmented tissue classiﬁcation. An example of this com-
posite approach is illustrated in Fig. 4.
Imaging data analysis
Imaging data analysis included four primary steps: 1) preprocessing,
including slice timing correction, co-registration, smoothing,
detrending; 2) alignment and registration to vole atlas, followed by seg-
mentation; 3) voxel-wise statistical analysis for each individual to iden-
tify voxels that experienced a signal change in relation to baseline;
4) group comparisons on the number of activated voxels per ROI. Eachfunctional scan was preprocessed using SPM8’s co-registrational code
(quality: 0.97; smoothing: 0.35 mm; separation: 0.5 mm) and
smoothed using Gaussian smoothingwith a full width at half maximum
(FWHM) of 0.6 mm. Preprocessed images were aligned and registered
to the 3D vole brain atlas using the interactive graphic user interface
Medical Image Visualization and Analysis Software (MIVA, available for
download at: ccni.wpi.edu/miva/html). The registration process in-
volved translation, rotation, and scaling independently and in all three
dimensions. Matrices that transformed each subject's anatomy were
used to embed each slice within the atlas. All pixel locations of anatomy
that were transformed were tagged with major and minor regions in
the atlas. This combination created a fully segmented representation
of each subject within the atlas.
Using voxel-based analysis, the percent change in BOLD signal for
each voxel was averaged for each subject. Statistical t-tests were per-
formed on each voxel (ca. 15,000 in number) of each subject within
their original coordinate system with a baseline threshold of 2% BOLD
change to account for normal ﬂuctuation of BOLD signal in the awake
rodent brain (Brevard et al., 2003). As a result of themultiple t-test anal-
yses performed, a false-positive detection controlling mechanism was
implemented at the level of the ROI to limit false detection of activated
voxels within each ROI (Genovese et al., 2002). The t-test statistics used
a 95% conﬁdence level, two-tailed distributions, and heteroscedastic
variance assumptions to identify voxels signiﬁcantly activated in rela-
tion to baseline.
A composite image of the whole brain representing the average of all
subjects was constructed for each group for ROI analyses, allowing us to
look at eachROI separately to determine the%BOLDchange and thenum-
ber of activated voxels in each ROI. Group comparisons were made by
comparing the number of activated voxels per ROI. Since the number of
activated voxels per ROI did not fulﬁll parametric assumptions, we com-
pared groups by using a non-parametric Kruskal–Wallis test statistic
followed by a Mann–Whitney U-test for post-hoc comparisons.
The timing of change frombaseline in % BOLDwas assessed by group
using sequential paired t-tests with a hypothesized difference of 0.
Group differences were assessed by one-way ANOVA at each time
point to determine when groups started to diverge from one another
following stimulus presentation. Tukey–Kramer post-hoc tests were
run in the event of the ﬁrst signiﬁcant result to determine the onset of
pairwise group differences.
Acclimation
Rationale
Motion artifact presents a substantial hurdle to the use of awake an-
imals in fMRI, as motion creates changes in signal intensity that can be
Fig. 4. Vole brain atlas. To create an atlas for the vole brain, high resolution MRI scans from 6 voles were collected and registered to standard MRI with afﬁne transform, inspecting and
ensuring that boundary surfaces of all the scans matched as perfectly as possible. Separate brain regions were delineated with freehand drawings for each subject. An average scan
from all the subjects was created which was used to create a primary template for each slice. The freehand-drawn average atlas was converted to a mathematically robust image
format and 3D surface models via an automated 3D segmentation algorithm. This atlas model now can be rotated and deformed to register any MRI image dataset, at which point
every voxel in the set of MRI slices is tagged with the fully segmented tissue classiﬁcation.
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Previous work in domesticated rats has shown that repeated daily
sessions in amock-MRI chamber will acclimate the animal to the condi-
tions of restraint (King et al., 2005). This has been demonstrated in rats
through gradual reductions in motion artifact, respiratory rate, heart
rate, and corticosterone levels. Although acclimation does not eliminate
the stress of restraint, it can alleviate some of this confound and reduce
the motion artifact present in distressed animals. We therefore sought
to examine the effects of a similar acclimation regime in the prairie
vole. Acclimation to the conditions of restraint necessary for successful
imaging was explored in prairie voles using three distinct approaches:
head movement during scanning, measurement of vocalizations
and restraint-induced sounds, and recording heart rate/respiratory
sinus arrhythmia (RSA). Throughout these studies, acclimation
consisted of sessions of 15min of restraint per day across 5 consecutive
days.Motion data
Tomost directly test the effects of our acclimation regimen on image
stability during image acquisition, prairie voles were scanned on their
ﬁrst and ﬁfth restraint sessions. Adult male prairie voles (n = 9) were
scanned on days 1 and 5, and acclimated in a mock scanning setup
days 2–4 to provide the equivalent of 5 total restraint experiences.
Each scan consisted of a 12 min fMRI imaging session preceded by ap-
proximately 3 min of setup, including positioning and pilot scans. Accli-
mation during days 2–4 lasted 15 min and was performed similar to
actual fMRI testing, only the restraint apparatus was inserted into a
mock scanning tube rather than the actual magnet.
Motion was calculated using the Statistical Parametric Mapping
(SPM)MATLAB package, estimated by a 3D rigid bodymodel with 6 de-
grees of freedom (movement in 3 dimensions and rotation in 3 planes).
Data was considered unusable if motion resulted in a disturbance larger
than 0.3 mm (a single voxel is 0.260 mm) for more than a single image
Fig. 5.Motion. Motion during awake animal imaging. Motion for each subject is plotted for subjects naïve to imaging conditions (“Day 1”, blue lines, n = 9) as well as following 5 days of
repeated restraint (“Day 5”, red lines, n= 7); group averages are plotted in bold lines. The acceptablemotion threshold of 0.3 mm (dashed line) is slightly smaller than the size of a single
voxel. 9 of 9 subjects in the Day 1 condition produced acceptable data, as they did not exceed the motion threshold; 0 of 7 of the Day 5 subjects met this criterion.
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acclimated subjects, volume-to-volume displacement was averaged
within each subject, and subjects were averaged across the absolute
value of each dimension of movement (Fig. 5).Heart rate/RSA
In order to assess the autonomic state of voles during imaging re-
straint conditions, as well as at rest, a total of eight adult prairie voles
(5 males, 3 females) were implanted with radiotelemetry devices ac-
cording to previously published methods (Kenkel et al., 2013). Brieﬂy,
prairie voles were surgically implanted with subcutaneous radio-
transmitting devices (ETA-F10, Data Sciences International, St. Paul,
MN), which permit thewireless recording of core body temperature, lo-
comotor activity, and electrocardiogram.
Radiotelemetric electrocardiogram data were quantiﬁed according
to procedures previously described (Grippo et al., 2007; Lewis et al.,
2012). Electrocardiogram was sampled at 5000 Hz and visualized in
real-time using vendor software (Data Sciences International, St. Paul,
MN). Detection and correction of R-waves was veriﬁed with CardioEdit
1.5, a custom-designed software package (Brain Body Center, University
of Illinois at Chicago). RSA, an index of myelinated vagal input to the
heart, was extracted from the time series of R-R intervals using
Cardiobatch (Brain–Body Center, University of Illinois at Chicago), a
custom-designed software package. RSA was extracted using time do-
main procedures described in detail elsewhere (Bohrer and Porges,
1982; Grippo et al., 2007; Kenkel et al., 2013; Lewis et al., 2012;
Porges, 1985).
Following surgery, subjects recovered across a cage divider from
their sibling cage mate for 7 days, followed by an additional 3–7 days
without the divider. As part of the acclimation procedure, subjects
were tested on 5 consecutive days, which involved recording of base-
line, restraint and recovery time periods. Baseline measurements were
taken from the 5min segmentmost proximal in time to the onset of re-
straint, and during which time the subject failed to register locomotor
activity, as per previously published methods (Kenkel et al., 2013). Re-
straint lasted 15 min and was performed similar to actual fMRI testing,
only the restraint apparatus was inserted into a mock scanning tube of
the same diameter rather than the actual magnet. During the 15 min
of restraint, the subjects and equipmentwere placed atop the telemetry
receiver boards for data collection. Following return to the home cage,
recording was continued for an hour. Here we report heart rate and
RSA for both the 5 min of baseline along with the 15 min of restraint.Following return to the home cage, heart rate was averaged across
30 min segments (Fig. 6).
In order to assess thedegree of challenge and arousal faced byprairie
voles undergoing restraint for imaging, we compared the
cardioacceleratory response to commonly used experimental para-
digms. Here, we report on heart rate changes induced by 15 min expo-
sures to: the odor of an unrelated pup (1–3 days old) in the home cage;
a freely behaving unrelated pup (1–3 days old) in the home cage; and
lastly, exposure to a wire mesh ﬂoored cage used for urine collection
in metabolic studies (Fig. 6c). Data from the pup and pup odor condi-
tions are reprinted with permission from previous work in our lab
(Kenkel et al., 2015). All conditions were comprised of 5 adult male
and 3 adult females, similar to restraint acclimation.
Vocalizations and escape-related sound
In order to assess the efﬁcacy of our acclimation approach in terms of
arousal and distress, adult male and female voles (n = 12 males, 6 fe-
males) were recorded throughout the 15 min of restraint that occurred
daily for 5 consecutive days. Restraint was performed similar to actual
fMRI testing, only the restraint apparatuswas inserted into amock scan-
ning tube rather than the actual magnet. Recordings were made using
an Avisoft UltraSoundGate 116Hme microphone, sampling at 96 KHz,
30 cm away from the restrained subject. This arrangement captured
both audible and ultrasonic vocalizations emitted, along with sounds
produced during escape attempts. Such sounds were detected and
quantiﬁed using Avisoft-SASlab Pro, version 5.2.07. The total duration
as well as number of discrete sounds (typically a combination of vocal-
ization and escape behavior) were summed over each day's 15 min re-
straint session and then compared across days (Fig. 6c).
Validation stimuli
Hypercapnic challenge
BOLD response to hypercapnic conditions represents a useful posi-
tive control to assess a new fMRI protocol as it produces a global in-
crease in BOLD signal throughout the brain (Brevard et al., 2003;
Sicard et al., 2003). We have previously used this approach to validate
fMRI methods in the rat (Ferris et al., 2008) and mouse (Ferris et al.,
2014). In the present study, awake, non-acclimated adult male voles
(n = 6) were manually placed in the restraint tube as described
above. Scans consisted of three epochs: a 4 min “baseline” epoch, a
4 min “stimulus presentation” epoch, and a 4 min “washout” epoch,
for a total of 12 min (120 whole-brain acquisitions). To create
Fig. 6. Acclimation to repeated restraint. (A) Heart rate gradually increasedwhile RSA decreased over the course of a 5min restraint session; however, there were no differences between
days 1 and 5 in eithermeasure. (B) Therewere no differences in either cardiovascular parameter at baseline, nor following return to the home cage immediately after restraint. (C) Sounds
produced during restraint were no different over 5 days of repeated restraint. (D) Average heart rate is shown during restraint in comparison to baseline and various experimental
manipulations; heart rate during restraint is roughly similar to that following freely moving exposure to a novel pup or wire mesh ﬂoored cage (used for metabolic studies).
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sentation of 5% CO2. During baseline and washout, subjects were pre-
sented with ambient air at an equivalent ﬂow rate to the CO2
(~1.5 lpm) (Fig. 7).
Whisker stimulation
As opposed to hypercapnia, which is meant to induce global BOLD
signal increase, unilateral stimulation of the whiskers allowed us to
test the sensitivity of our imaging methods to detect activation of dis-
crete and speciﬁc neural circuits. In this experiment, a separate cohort
of non-acclimated adult male prairie voles (n = 8) were anesthetized
and scanned in response to either stimulation from a mild air ﬂow
across the whiskers on the right side of the face (‘Whisker’) or no stim-
ulus (‘Control’). Subjects underwent both conditions in pseudo-random
order. Voles were anesthetized during imaging in this study so that air
ﬂow could be applied to the whiskers, which are typically occluded byFig. 7. Shown is a time-course plot (n=6) for the change in BOLD signal in the corticalmantel in
for each time point.the restraint hardware. In addition, anesthetizing the voles functioned
to minimize the neural response to whisker stimulation, allowing dem-
onstration of the sensitivity of our methods to mild stimuli. Anesthesia
was maintained via 1–1.5% isoﬂurane and monitored via respirometer
(SA Instruments, Inc.; Stony Brook, NY, USA). Air ﬂow was applied in a
continuous stream and positioned directly at the tips of the vibrissae
on the right side of the proboscis (all vibrissaewere left intact). Ambient
room air from outside the magnet room was pumped directly into the
bore of the magnet using polyethylene tubing connected to an aquar-
ium pump. This generated a continuous streamof air ﬂowing at approx-
imately 2 lpm. As above, scans consisted of three epochs: a 4 min
“baseline” epoch, a 4 min “stimulus presentation” epoch, and a 4 min
“washout” epoch, for a total of 12 min (120 whole-brain acquisitions).
During stimulus presentation, anesthetized voles received air ﬂow
across the right whiskers; they received no stimuli during baseline
and washout (Fig. 8).response to a 4min exposure to 5%CO2 (red line). Shownare themean and standard error
Fig. 8. (A) The 3D color model at the top depicts the location of nine brain areas in the vole comprising the facial vibrissae and trigeminal system. These areas have been coalesced into a
single volume (yellow) as shown in the lower 3D images. Areas in red are the localization of the activated voxels comprising the composite average from eight voles exposed to whisker
stimulation. Once fully registered and segmented, the statistical responses for each animal are averaged on a voxel-by-voxel bases. Those averaged voxels that are signiﬁcantly different
from baseline for positive BOLD are show in their appropriate spatial location. On the right are 2D activationmaps from the vole brain atlas showing the precise location of the signiﬁcantly
altered positive voxels following whisker stimulation. The vertical color strips indicated the percent change in BOLD signal. (B) Timecourse of primary somatosensory cortex BOLD
activation. The blue bar represents the duration of whisker stimulation. Error bars represent standard error of the mean.
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Lastly, non-noxious and novel odorants (methyl benzoate, benzal-
dehyde, and isoamyl acetate) were presented to a separate cohort of
awake, non-acclimated adult male voles (n = 8) in order to assess the
sensitivity of our methods to innocuous stimuli during awake imaging.Subjects were manually restrained without anesthesia as described
above and scanned fully conscious. In the custom-designed head re-
straint, a bar that holds the incisors in place functions simultaneously
as an odor delivery tube. The odor delivery tube is connected by poly-
ethylene tubing to an aquarium pump located outside the magnet
229J.R. Yee et al. / NeuroImage 138 (2016) 221–232room. As above, scans consisted of three epochs: a 4 min “baseline”
epoch, a 4 min “stimulus presentation” epoch, and a 4 min “washout”
epoch, for a total of 12min (120whole-brain acquisitions). During base-
line andwashout, all subjects were presentedwith ambient air at a ﬂow
rate of approximately 1.5 lpm. At the start of stimulus presentation,
sealed plastic cups containing the odors were placed one at a time
into the ﬂow stream. A control group consisted of awake, non-
acclimated adult male voles (n = 6) scanned in response to ambient
air throughout the entire 12 min scan; brief interruptions in air ﬂow
(b2 s)were produced tomimic air ﬂow changes resulting from the tran-
sition between epochs. Odorants consisted of methyl benzoate (rosy
odor), benzaldehyde (almond odor), and isoamyl acetate (banana
odor) (all purchased from Sigma Chemical) prepared as 1% solutions
in distilledwater. Odorswere selected based on our lab's previous expe-
rience using them as olfactory stimuli in rats (Kulkarni et al., 2012).
Data analysis
Heart rate, RSA and restraint-induced soundswere compared via re-
peated measures ANOVA using SPSS v 20.0 (IBM Inc.). When such data
were found to violate the assumption of sphericity, a Greenhouse–
Geisser correction was applied.
Results
Acclimation
Motion data
The average motion across three dimensions before and after accli-
mation is presented in Fig. 5. One subject broke its front incisors during
acclimation, and as these teeth are critical to proper restraint, this sub-
ject was excluded; another subject was injured during restraint and
subsequently excluded. Hence, 7 of 9 subjectswere available to examine
the effects of acclimation onmotion. Using the criterion of a single voxel
(260 μm) worth of movement for more than a single acquisition, 9 of 9
(100%) of non-acclimated subjects' data were found to be usable, and 0
of 7 (0%) of acclimated subjects' data were found to be usable.
Heart rate/RSA
The cardiovascular effects of restraint are shown in Fig. 6. All 8 sub-
jects were successfully restrained across the ﬁve days. During acute
(15 min) bouts of restraint, heart rate increased signiﬁcantly from
395 ± 25 beats per minute (bpm) at baseline to an average of 530 ±
17 bpm during restraint (Fig. 6a; p b 0.001) and RSA decreased from
an average of 3.26 ± 0.44 ln(ms2) to 1.68 ± 0.5 ln(ms2) (Fig. 6a;
p b 0.001). Across the 15 min of restraint, there was a signiﬁcant effect
of time on both heart rates (Fig. 6a; F1.2,17.0 = 24.266, p b 0.001) and
RSA (Fig. 6a; F1.2,17.7 = 6.125, p = 0.018), which gradually increased
and decreased, respectively. Over the course of the ﬁve days of restraint,
there were no signiﬁcant changes in restraint-induced
cardioacceleration during the 15 min of restraint in terms of either
heart rate or RSA (Fig. 6b, 6c; p N 0.05). Likewise, there were no return
to baseline differences between days 1 and 5 in terms of either HR or
RSA (p N 0.05).
The cardioacceleratory response to restraint was similar in magni-
tude to other common experimental paradigms, namely pup exposure
and placement in a wire mesh ﬂooredmetabolic cage. When adult prai-
rie voles freely interact with an unrelated pup 1–3 days old, heart rate
increases to 518 ± 18 bpm. Similarly, upon being placed into a meta-
bolic cage with wire mesh ﬂooring, heart rate increases to 536 ±
47 bpm. There were no signiﬁcant differences between these three con-
ditions (Fig. 6e; p N 0.05).
Vocalizations and restraint-induced sound
Data on restraint-induced sounds are shown in Fig. 6c. All subjects
were successfully restrained across the ﬁve days. Across 15 min of
restraint, voles produced on average 454.4 ± 80.2 sounds, for a totalduration of 20.8 ± 4.7 s. The average frequency of the sounds was
12.25 kHz, within the frequency range of human audition. There were
no signiﬁcant differences between the sexes nor between days 1 and 5
in terms of either the number or the total duration of restraint-
induced sounds (p N 0.05 for all comparisons). Vocalizations almost ex-
clusively occurred within the audible range and coincided with escape
attempts. It was unclear whether these vocalizations reﬂect distress
calls or byproducts of struggle with the restraint equipment.
Validation stimuli
Hypercapnic challenge
All subjects (n=6)were scanned successfully in response to hyper-
capnic challenge. BOLD signal was broadly increased throughout the
brain in response to 5% CO2 challenge in awake prairie voles. Across all
115 brain regions, BOLD signal was signiﬁcantly elevated in 13.12 ±
0.9% of voxels, by an average of 5.75 ± 0.24%. Negative BOLD signal,
on the other hand, was observed in 2.38 ± 0.54% of voxels, by an aver-
age of 1.38±0.17%. The time course for BOLD signal change in activated
voxels is shown as a composite of the regions making up the cortical
mantle in Fig. 7.
Whisker stimulation
All subjects (n= 8)were successfully scanned for bothWhisker and
Control conditions. Whisker stimulation while under anesthesia in-
creased BOLD signal in brain regions associated with tactile sensory
input, as shown in Fig. 8. The multi-color 3D representation (Fig. 8, top
left) highlights the relative location of regions that comprise the facial
vibrissae and trigeminal sensory systems. With these systems
highlighted in yellow, the 3D activation map (Fig. 8, bottom left) illus-
trates signiﬁcant volumes of activation in red. For closer inspection, 2D
activation maps are presented (Fig. 8, right), and illustrate signiﬁcant
volumes of activation. Signiﬁcant activation was noted in the primary
somatosensory cortex (predominantly on the left side) and a
timecourse of activation in the primary somatosensory cortex is pro-
vided to illustrate the temporal structure of BOLD activation.
Novel odor stimulus
One animal from the odor stimulus group was excluded for exces-
sive motion during the scan; all others were scanned successfully. Pre-
sentation of the sequence of novel odors (rose/almond/banana) across
4 min elicited BOLD signal increases in various brain regions that com-
prise the main olfactory system, as shown in Fig. 9. Of the 8 areas dem-
onstrated to be signiﬁcantly more reactive to novel odors, 4 areas are
part of themain olfactory system. These areas include the anterior olfac-
tory area, granular and glomerular layers of the olfactory bulb, and
entorhinal cortex. A table listing all activated regions is presented in
Fig. 9b.
Discussion
The methods detailed here for fMRI in awake prairie voles present a
promising newdirection for social, cognitive, and affective neuroscience
research. Imaging brain function across time in an awake animal re-
quires that the animal's head is rendered completely stationary. We
have developed a set of tools and procedures for achieving this without
the potential confounds of prior surgery or anesthesia exposure. Fur-
thermore, the remainder of the animal's body can be left free to move
without introducing signiﬁcant motion artifact. Prairie voles tolerate
these imaging conditions, and can be secured for imaging in a manner
that is no more invasive or physiologically disruptive than other com-
mon procedures employed in normal animal husbandry. Once re-
strained, voles can have their brains imaged in response to a variety of
stimulus provocation paradigms. In the work presented here, we pre-
sented voles with a physiological stimulus, inhaled 5% CO2, and ob-
served indiscriminate positive BOLD change across the entire brain, as
Fig. 9. (A) The 3D color model at the top depicts the location of the brains that comprise the primary olfactory system in the vole. These areas have been coalesced into a single volume
(yellow) as shown in the lower 3D images for ambient air (n = 6) and a sequence of novel odors comprised of rose (methyl benzoate), almond (benzaldehyde), and banana (isoamyl
acetate) (n = 7). All odors (Sigma Chemical) were prepared as 1% solutions in distilled water. Localization of the signiﬁcantly changed positive BOLD voxels comprising the composite
average from the voles in each experimental group are shown in red. (B) The table at the bottom lists brain regions rank ordered by statistical signiﬁcance between subjects presented
with ambient air and those presented with the sequence of novel odors.
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tocol (including equipment, pulse sequence, and data processing strat-
egy) is capable of detecting an appropriately widespread response to a
global change in hypercapnia-induced cerebrovascular dilation. Next,
we exposed anesthetized voles to a physical stimulus, unilateral whis-
ker stimulation with an airstream. We observed speciﬁc activation of
the contralateral somatosensory cortex, conﬁrming that our imaging
protocol is capable of isolating precise changes in neural function.
Finally, we sought to determine whether our awake imaging meth-
odology would have the capacity to uncover changes in neural activa-
tion resulting from the perception of novel odorants. After exposing
voles to a sequence of non-noxious, novel odors, includingmethyl ben-
zoate (rose), benzaldehyde (almond), and isoamyl acetate (banana)we
observed increased activation in brain regions that comprise the main
olfactory system, including the anterior olfactory area, granular and glo-
merular cell layers of the olfactory bulb, and the entorhinal cortex (at
the level of statistical trend). The increased BOLD activation also seen
in the perirhinal cortex and auditory cortex suggest that the presenta-
tion of novel odors within our awake imaging paradigm also recruited
areas involved in the integration of information from multiple sensory
inputs. The increased BOLD activation seen in the orbital cortex andCA1 of the hippocampus were unexpected and the involvement of
these areas in the perception of novel odors is intriguing and begs fur-
ther study. Taken together, these data conﬁrmed that our awake imag-
ing procedures, even in the absence of stress habituation, were
successful in visualizing BOLD activation in the main olfactory system
in response to the perception of novel odors.
Neuroimaging in awake rodents has traditionally required acclima-
tion to restraint procedures for two reasons: to ensure stability during
image acquisition and to minimize distress. Based on the observed ef-
fects of repeated restraint in conditions similar to imaging, we conclude
that prairie voles do not acclimate to such conditions. Motion during
scanningwaswithin acceptable bounds for the vastmajority of subjects
on their ﬁrst day of imaging, whereas subjects that had been restrained
5 days in a row in a mock scanner actually showed greater motion dur-
ing scans, and hence produced unusable data. Furthermore, none of
physiological or behavioral measures of arousal indicated any decre-
ments over the course of the 5 days (heart rate, RSA, or s/restraint-
induced sounds). Based on the minimal motion artifact generated on
the ﬁrst day of restraint and the observed responses to repeated re-
straint, we recommend that imaging can take place with animals
naïve to imaging conditions, and that repeated scans of the same animal
231J.R. Yee et al. / NeuroImage 138 (2016) 221–232can lead to difﬁculties in maintaining image stability, even across rela-
tively short scans. Conducting fewer scans on the same animal and/or
providing extra recovery time in the interval may allow for repeated
scans.
The lack of changes in baseline HR and RSA is important in that it
suggests repeated restraint is not producing enduring changes in the
animals' autonomic state. The lack of acclimation during restraint is at
odds with previously observed ﬁndings in rats (King et al., 2005;
Upadhyay et al., 2011), which exhibit habituation to repeated restraint.
There are several possible explanations for this discrepancy. For exam-
ple, the restraint hardware is necessarily different to accommodate dif-
ferences in size between the species. Another potential factor is that of
differences between the species themselves. Rats and voles may differ
along any number of dimensions related to temperament, arousal/reac-
tivity, or even learning/memory. Prairie voles are not far removed from
wild caught animals, while laboratory rats have been selectively bred
over hundreds of generations for docility, and hence responddifferently
to many typical research interventions. It is likely that voles experience
a high level of arousal during many commonly used testing paradigms.
For example, themaximal heart rate observed during restraint is no dif-
ferent than that displayed during unfettered interaction with a 1–3 day
old pup (Kenkel et al., 2015) or while spending time in a novel meta-
bolic cage with wire mesh ﬂoor.
No careful observation should disregard the initial state of its sub-
ject. Therefore, any discussion of neuroimaging ﬁndings in awake prai-
rie voles should be preceded by a careful consideration of the
environmental context during imaging. In our best attempts to accli-
mate voles to the imaging environment, we were unable to demon-
strate habituation to the experience of head restraint required for
satisfactory images. While it would no doubt be ideal to provide voles
with a completely “stress-free” imaging environment, as many of our
colleagues have expressed (Febo, 2015), we have come to the prelimi-
nary conclusion that our initial expectation to remove stress from the
imaging context was unrealistic, particularly for an animal model only
a few generations from being wild-caught. In none of the parameters
measured were we able to ﬁnd any evidence for voles acclimating to
the conditions of head restraint. Some signs point towards a relatively
low level of stress as compared with other common laboratory proce-
dures (see Fig. 6d, tachycardic response to head restraint is equivalent
to placement in mesh-ﬂoor metabolic cages), however, we feel it
would be on the whole disingenuous to argue that our current method
of nearly complete head restraint in a nearly wild rodent is free from
psychological stress. Rather, we recommend proceeding with a clear
understanding that the initial state of our subjects includes an element
of psychological stress. Therefore, future applications of fMRI in prairie
voles will take advantage of this property to further our understanding
of stress regulation in socially monogamous and biparental species.
In summary, we have developed a set of procedures, including cus-
tom head-restraint equipment, quadrature RF coil, pulse sequence, 3D
segmented atlas, and data processing strategy, which allows functional
neuroimaging without prior surgery or the use of anesthesia. Using
these procedureswe have demonstrated the ability to visualize the neu-
ral response to a cascade of novel odors in awake prairie voles.Whilewe
were unable to demonstrate habituation to repeated restraint as seen in
other rodents,wewere able to showon the initial imaging-restraint ses-
sion that prairie voles will hold still enough to permit visualization of
the response to novel odors. Taken together, these studies demonstrate
the potential of fMRI in awake animals as a new platform for the inte-
grative study of animal behavior (Rubenstein et al., 2014).Conﬂict of interest
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